Different gas equilibrium adsorption models (or isotherms) with various theoretical frameworks have been applied to quantify adsorbed volume ( ) of gas (or fluid) through pressure-volume behaviour at a constant temperature. Most often, Langmuir isotherm (representing Type I Isotherm) has been used in modelling monolayer adsorption even though it yields over-estimation at higher pressures thus contradicting the description of Type I isotherm. Here, higher pressures refer to pressures above the adsorption saturation pressure ( ) . Hence, in this work, a new Type I adsorption isotherm involving pressure( ), adsorption saturation pressure ( ), maximum adsorbed volume ( ) and adsorbate-adsorbent resistance parameter ( ) was developed using kinetic approach. The developed adsorption isotherm is = + 1 − , < , ≥ and it
shows that is attained when pressure increases to , above which no further gas adsorption occurs. The developed isotherm can be used to model all cases of monolayer adsorptions of gases (or fluids) on adsorbents. The developed and Langmuir isotherms were used in modelling secondary low-pressure gas adsorption data of different adsorbents and the qualities of fit were statistically assessed. For laboratory methane adsorption on Turkey's shale sample at 25°C, the developed isotherm yields a correlation with an R 2 value of 0.997 and predicts a maximum adsorption volume of 0.0450 mmol g -1 at a of 2,005 psia. However, Langmuir isotherm yields a correlation with an R 2 value of 0.989 and predicts a maximum adsorption volume (Langmuir volume, ) of 0.0548 mmol g -1 at infinite . At the higher-pressure range, the developed isotherm reveals that Langmuir isotherm is not a Type I isotherm but a "pseudo-Type I" isotherm.
INTRODUCTION
Adsorption is the adhesion of molecules of a gas, liquid or dissolved solid to a surface to form a thin film of the adsorbate on the adsorbent. Adsorption can be classified as physisorption (physical adsorption) or chemisorption (chemical adsorption). A practical classification of particular adsorption as physisorption or chemisorption depends principally on the temperaturedependent binding energy of the adsorbate to the adsorbent. However, the same surface can display physisorption at one temperature and chemisorption at higher temperature [1] .
Gas adsorption (or desorption) occurs when the interaction forces in the region of the phase boundary (i.e., solid surface) are altered. The interaction forces are in the form of (i) the van der Waals forces that cause physical attraction, (ii) electrostatic/ionic forces that cause surface charge interaction, (iii) covalent bonding that causes chemical attraction, and (iv) the adsorbent hydrophilic or hydrophobic nature.
Three major approaches that form the basis of formulating adsorption models or isotherms are kinetics, thermodynamics and potential theory [2] . Kinetic consideration is based on adsorption equilibrium which is defined as a state of dynamic equilibrium attained when an adsorbate containing phase has been in contact with the adsorbent for sufficient time, with both adsorption and desorption rates being equal [3, 4, 5] .
Different models with various theoretical backgrounds have been applied to describe the adsorption behaviour of fluids. These models include linear adsorption isotherm, Freundlich adsorption isotherm [6] , Langmuir adsorption isotherm [3] , extended Langmuir adsorption isotherm [7] , Brunauer-Emmett-Teller (BET) adsorption model [8] , Fowler-Guggenheim adsorption isotherm [9] , Temkin adsorption isotherm [10] , Harkins-Jura adsorption isotherm [11] , Langmuir-Freundlich (or Sips) adsorption isotherm [12] , Koble-Corrigan adsorption isotherm [13] , Kiselev adsorption isotherm [14] , Redlich-Peterson adsorption isotherm [15] , Elovich adsorption isotherm [16] , ideal adsorbed solution (IAS) theory [17] , Dubinin's micropores filling models [18, 19, 20, 21] , Toth adsorption isotherm [22] , multisite occupancy model [23] , etc.
The theory-based equilibrium physisorption models applicable to unconventional gas reservoirs are the Ono-Kondo (OK) lattice model, two-dimensional equations of state (2-D EOS) adsorption model (including Hill-de Boer adsorption isotherm) and simplified local density (SLD) models.
The experimentally observed adsorption isotherms are grouped according to the International Union of Pure and Applied Chemistry (IUPAC) recommendations [24] in six different types I to VI (Fig. 1) .
Type I isotherms are characterized by the maximum value the mass adsorbed attains and maintains even at very high gas (or fluid) pressures. The model is applicable in microporous materials exhibiting monolayer adsorption. Type I isotherms are often described by the Langmuir equation. Type II isotherms describe typical adsorption in mesoporous materials exhibiting monolayer at low pressures and multilayer at higher pressures near saturation and pore condensation with no hysteresis. Type II isotherms often can be described by the BET equation [25] .
Fig. 1. Main types of gas physisorption Isotherms [24,26]
Type III isotherms occur in systems where the adsorbate-adsorbate interaction is stronger than the adsorbate-adsorbent interaction. Type IV isotherms describe the adsorption behaviour of special mesoporous materials showing pore condensation together with hysteresis behaviour between the adsorption and the desorption paths [25] .
Type V isotherms (unlike the Type IV isotherms) features nearly perpendicular middle portions of the adsorption and the desorption paths often near relative gas pressures. This shows the existence of mesoporous in which phase change like pore condensation may occur. Type VI isotherms are characterized by stepwise multilayer adsorption; the layers becoming more pronounced at low temperatures [25] .
Most often, Langmuir isotherm (representing Type I Isotherm) has been used in modelling gas adsorption in coal bed reservoirs, shale gas reservoirs and other monolayer adsorptions cases although it yields over-estimation at higher pressures thus contradicting the description of Type I isotherm. Here, higher pressures refer to pressures above the adsorption saturation pressure ( ) . Langmuir isotherm is used in modelling monolayer gas adsorption because of its ease of application and its reliable lowpressure adsorption prediction [27, 28, 29, 30, 31, 32, 33] .
Hence, in this work, a new Type-I adsorption isotherm (which assumes monolayer adsorption like Langmuir isotherm) is developed that discloses and amends this ambiguity.
METHODOLOGY

Physical Depiction of Adsorption in the New Model
The physical depiction of adsorption of the molecules of a fluid in the new model is shown in Fig. 2 .
Here, the occupied surface sites are denoted as blue clips while vacant surface sites are denoted as red spots on the surface.
Assumptions
The basic assumptions made here are similar to those of the Langmuir isotherm. The model assumes an ideal surface where: (i) solid surface is composed of localised adsorption sites and each site can hold only one adsorbate molecule, (ii) adsorption sites are energetically equivalent i.e. the surface is homogeneous and all sites are identical, (iii) saturation coverage is attained when all sites are completely occupied, (iv) adsorption of molecules is of monolayer type and (v) adsorption is reversible i.e. desorption occurs during pressure depletion.
Additional (major) assumptions included are: (i) there are adsorbate-adsorbate interactions between neighbouring adsorption sites, (ii) attainment of a definite adsorption saturation pressure and (iii) dynamic equilibrium parameter is not considered constant (as done in Langmuir isotherm derivation where adsorption coverage is assumed to be independent of the
Fig. 2. Physical depiction (Schematic) of adsorption in the new model [3]
enthalpy of adsorption ) because adsorption coverage actually depends on the enthalpy of adsorption (adsorption saturation pressure is an index of adsorption coverage).
Development of the new adsorption model: Kinetic approach
In the adsorption of the molecules of a fluid , 
Rate of adsorption
is proportional to the adsorption potential of the fluid (at pressure ) towards saturation coverage of the surface. The saturation coverage is, of course, attained when all sites [ ] (number/area) are completely occupied.
Attractive interactions causing adsorption are characterized by adsorbates losing activation energy, thus adsorption is an exothermic reaction.
Consequently,
Where adsorption rate parameter is expressed as an Arrhenius relation:
and is adsorption rate coefficient at the onset of adsorption, is interaction energy (i.e., heat or enthalpy of adsorption) between the gas molecules and the solid sites, is universal gas constant and is temperature.
On the other hand, rate of desorption is proportional to the difference between the desorption potential of the fluid (at the adsorption saturation pressure ) towards partial coverage of the surface [ ], and the adsorption potential at a lower pressure .
Where is desorption rate coefficient, is the adsorption saturation pressure, the pressure at which adsorbed volume saturation is attained (as pressure increases) and the commencement of gas desorption (during pressure depletion).
The dynamic equilibrium parameter is expressed as:
As stated earlier, is only constant if adsorption coverage is assumed to be independent of the enthalpy of adsorption as done in Langmuir isotherm derivation. However, here, is not considered constant because adsorption coverage depends on the enthalpy of adsorption (adsorption saturation pressure is an index of adsorption coverage).
At dynamic equilibrium, the rate of absorption equals the rate of desorption. Hence, the dynamic equilibrium parameter is expressed as:
Expressing the occupied sites [ ] as the adsorbed volume at pressure and the concentration of all sites [ ] as the maximum adsorbed volume at and above the onset of adsorption saturation pressure i.e. ≥ ; then
Where is a measure of the pressure deviation from the corresponding linear isotherm pressure =
Expressing as the pressure deviation from the corresponding linear isotherm pressure, then:
1: For under-saturated adsorption, i.e. when ≤ <
The pressure deviation from the corresponding linear isotherm pressure is proportional to pressure deviation from the adsorption saturated pressure:
Where is a dynamic parameter expressed as:
Where is the adsorbate-adsorbent resistance parameter Consequently,
is further simplified as:
This shows that the dynamic equilibrium parameter is a function of pressure and adsorption saturation pressure : as changes, also changes unlike the case in Langmuir isotherm derivation where is considered constant irrespective of the level of .
It should be noted that when there is no adsorption, = 0 and thus = 0. Also, at the onset of adsorption saturation pressure = and thus = 0.
Substituting Equation 14 into Equation 11
gives:
Where is the adsorbed volume at pressure , is the maximum adsorbed volume at and above the saturation pressure, and is adsorbate-adsorbent resistance parameter. The major representatives of Type I adsorption isotherm pressure-volume data (below the adsorption saturation pressure) are captured and depicted by the adsorbate-adsorbent resistance parameter ranging from 0.30 to 1.15.
2: For saturated adsorption, i.e. when ≥
The adsorption saturated pressure is the effective pressure while an additional increase in pressure is latent; hence, the heat of adsorption = 0. Thus = (17)
Statement of the Developed Adsorption Isotherm
The developed adsorption isotherm is stated as follows:
Where is the adsorbed volume at equilibrium pressure , is the adsorption saturation pressure at which the maximum adsorbed volume is attained, is adsorbateadsorbent resistance parameter ( ranges from 0.30 to 1.15).
Establishment of Boundary Conditions for the Developed Adsorption Isotherm
The graphical analysis of establishing boundary conditions for the developed adsorption isotherm is shown in Fig. 3 . 
Fig. 3. Graphical analysis of the developed adsorption isotherm
For an adsorbed volume , point C on the isotherm is projected downwards to meet line at D and the pressure axis at E. The volume deviation from the corresponding linear isotherm volume is = .
Along ,
i.e.
= −
Point C on the isotherm is again projected horizontally to meet at F. Also, at C a line of the equal slope as is projected to intercept the volume axis at G, and meet and the pressure axis at H and I respectively. The pressure deviation from the corresponding linear isotherm pressure is = .
Also,
Along , 
Establishment of Boundary Conditions for
Boundary conditions for , the pressure deviation from the corresponding linear isotherm, is highlighted thus:
1.
= 0 at = 0 and = 2.
> 0 within the pressure range 0 < <
3.
is maximum ( = 0 ) i.e. 4. For saturated adsorption, i.e. when > , at J (see Fig. 3 ), a line of the equal slope as is projected to intercept the volume axis at K and meet extension and the pressure axis at L and M respectively. 
Plot of Relative Adsorbed Volume versus Relative Pressure for the Developed Adsorption Isotherm
For pressure range below adsorption saturation pressure ( < ) , the developed adsorption isotherm = + 1 − could be expressed as:
A plot of Y versus X is shown in Fig. 4 . As stated earlier, the major representatives of Type I adsorption isotherm pressure-volume data (below the adsorption saturation pressure) are captured and depicted by the adsorbateadsorbent resistance parameter ranging from 0.30 to 1.15.
Parameterization of Experimental Adsorption Data Using the Developed Isotherm
The steps involved in the developed isotherm parameters evaluation from experimental data are as highlighted below:
1. Produce the experimental adsorption isotherm by plotting the adsorbed volume versus pressure . 2. Compare and match the experimental isotherm with the relative adsorbed volume-relative pressure curve (see Fig.  4 ) and select a few adsorbate-adsorbent resistance parameter of closer range.
3. For each selected, feature the corresponding parameters = and = (see Tables 1, 2 and 3) where , are the last , values of the experimental adsorption data. Thus evaluate the corresponding = and = , and the pressure , and adsorbed volume at the inflexion point where ∆ = ∆ on the developed isotherm (see Table 4 ). Note that = as the parameters of the developed adsorption isotherm for the experimental adsorption data.
Model the experimental adsorption data
as:
Parameterization of Experimental Adsorption Data Using Langmuir Isotherm
The steps involved in Langmuir isotherm parameters evaluation from experimental data are as highlighted below: 
Generalization of the Developed Isotherm
The step involved are as follows:
1. Plot versus P for the experimental data, the proposed isotherm and Langmuir isotherm.
Correlate the developed isotherm with
Langmuir isotherm and validate with the experimental data using statistical deviation (error) parameters. 
Statement of Developed Isotherm for Gas Mixture
Concerning the pure-component adsorption isotherm developed in this study, the volume of the adsorbing specie in a mixture of gases at an equilibrium pressure is expressed:
Where, is the gas-phase mole fraction (or the feed ratio) of the adsorbing specie ; ( ) is the maximum adsorbed volume of the adsorbing specie of 100% concentration; is the gas-phase mole fraction (or the feed ratio) of the respective specie ; ( ) is maximum adsorbed volume of the respective specie of 100% concentration; = 1, … . ; is the number of gas specie; ( % ) is the volume of the adsorbing specie of 100% concentration at the corresponding pressure.
Correlation of the Developed Isotherm for Gas Mixture with the Extended Langmuir Isotherm
The mixing rule for the developed adsorption isotherm (for gas mixture) is correlated with the extended Langmuir isotherm expressed as:
Where, is the gas-phase mole fraction of the adsorbing specie ;
is equal to 1 ⁄ , the temperature-dependent pure-component Langmuir model parameter;; is equilibrium pressure; and = 1, … . ; is the number of gas component.
Statistical Deviation (Error) Parameters Used
The statistical deviation (error) parameters used in assessing the quality of fit in the adsorption model representation are the weighted root mean square (WRMS) deviation, the weighted average absolute deviation (WAAD), the per cent average absolute deviation (%AAD) and the root mean square error (RMSE). These parameters are expressed as follows:
Here, is the data point, is the number of data points, is the experimental adsorption volume, is the calculated adsorption volume and is the expected experimental uncertainty.
RESULTS AND DISCUSSION
Experimental Pure Gas Adsorption Data Employed
The developed isotherm can be used to model all cases of monolayer adsorptions of gases (or fluids) on adsorbents. However, in this research work, experimental pure gas adsorption data employed are highlighted in Tables 5, 6 and 7 where the absolute uncertainty in adsorption is denoted as .
Methane Adsorption on Turkey's Shale Sample at 25°C (Source: Merey, 2013)
Parameterisation of methane adsorption on Turkey's shale sample at 25°C using the developed isotherm
Plotting the experimental isotherm from Table 5 and matching it with the relative adsorbed volume -relative pressure curve (see Fig. 4 .) shows to be in the range of 0.35 to 0.45. For each , the corresponding parameters = and = were featured. Using Excel spreadsheet programming; the corresponding = and = , and the pressure and adsorbed volume at the inflexion point where ∆ = ∆ on the isotherms were evaluated. The adsorption resistance parameter = 0.40 yields the , values that correlate with the experimental adsorption isotherm as shown in Table 8 .
The
, values of 572 psia and 0.0323 mmol/g correlate with the experimental isotherm (see Fig. 5 ) and the corresponding , values 2005 psia and 0.0450 mmol/g is considered as the developed isotherm parameters for the experimental adsorption data.
Hence, methane adsorption on Turkey's shale sample at 25°C is modelled as: Source: [27] Source: [34] ; Note: were evaluated based on average expected experimental uncertainty of 6% 
Prediction of methane adsorption on Turkey's shale sample at 25°C using the developed isotherm
Prediction of methane adsorption on Turkey's shale sample at 25°C using the developed isotherm, and the corresponding deviation/error analysis parameters are presented in Table 9 .
Parameterization of methane adsorption on Turkey's shale sample at 25°C using langmuir isotherm
The variations of versus for methane adsorption on Turkey's shale sample at 25°C is shown in Table 10 .
The best fit line of the plot of versus (shown in Fig. 6 ) yields the equation: Here, Langmuir volume and Langmuir pressure are respectively obtained as 0.0548 mmol/g and 387.79 psia. Hence, methane adsorption on Turkey's shale sample at 25°C is modelled as:
where Langmuir constant = = 0.002579 .
Prediction of methane adsorption on Turkey's shale sample at 25°C using langmuir isotherm
Prediction of methane adsorption on Turkey's shale sample at 25°C using Langmuir isotherm, and the corresponding deviation/error analysis parameters are presented in Table 11 . 
Fig. 8. Predictions of methane adsorption on Turkey's shale sample at 25°C for high-pressure range by the developed and Langmuir isotherms
The generalisation of the developed isotherm for methane adsorption on Turkey's shale sample at 25°C
To validate and generalize the developed isotherm, predictions of methane adsorption on Turkey's shale sample at 25°C by Langmuir and the developed isotherms are correlated with the experimental data as shown in Table 12 and Fig. 7 .
Comparison of high-pressure adsorption predictions for methane adsorption on Turkey's shale sample at 25°C
Langmuir and the developed isotherms predictions of methane adsorption on Turkey's shale sample at 25 o C for the highpressure range are compared in Table 13 and Fig. 8 .
The developed isotherm predicts a maximum adsorption volume of 0.0450 mmol/g at adsorption saturated pressure of 2005 psia. However, by Langmuir isotherm prediction, a maximum adsorption volume of 0.0548 mmol/g is attained at infinite adsorption saturated pressure. Fig. 7 shows that adsorption prediction by Langmuir isotherm is not reliable at higher pressures because of its inefficiency in defining the onset of adsorption saturation pressure; this contributes to an overestimation of maximum adsorbed volume.
Methane adsorption on Tiffany mixed coal sample at 130°F (Source: Gasem et al., 2002) parameterization of methane adsorption on Tiffany mixed coal sample at 130°F
Plotting the experimental isotherm from Table 6 and matching it with the relative adsorbed Table 14 .
The , values of 765.0 psia and 233.2 scf/ton correlate with the experimental isotherm (see Fig. 9 ), and the corresponding , values of 2294.9 psia and 324.7 scf/ton are considered as the developed isotherm parameters for the experimental adsorption data.
Hence, pure methane adsorption on dry Tiffany mixed coal sample at 130°F is modelled as: Where, maximum adsorbed volume = 324.7 scf/ton, adsorption saturation pressure = 2294.9 psia, and = 0.50 is a parameter that defines dry Tiffany mixed coal sample resistance to pure methane adsorption at 130°F. (scf/ton) 
Prediction of methane adsorption on dry tiffany mixed coal sample at 130°F using the developed isotherm
Prediction of pure methane adsorption on dry Tiffany mixed coal sample at 130°F using the developed isotherm, and the corresponding deviation (error) analysis parameters are presented in Table 15 .
Parameterization of pure methane adsorption on dry tiffany mixed coal sample at 130°F using langmuir isotherm
The variation of with for pure methane adsorption on dry Tiffany mixed coal sample at 130°F is shown in Table 16 Here, Langmuir volume and Langmuir pressure are respectively obtained as 434.78 scf/ton and 679.09 psia. Hence, pure methane adsorption on dry Tiffany mixed coal sample at 130 o F is modelled as:
where is pressure (psia) and Langmuir constant = = 0.001473 psia -1 .
Prediction of pure methane adsorption on dry Tiffany mixed coal sample at 130°F using Langmuir isotherm
Prediction of pure methane adsorption on dry Tiffany mixed coal sample at 130°F using Langmuir isotherm, and the corresponding deviation (error) analysis parameters are presented in Table 17 .
The generalisation of the developed Isotherm for pure methane adsorption on dry tiffany mixed coal sample at 130°F
To validate and generalise the developed isotherm, predictions of pure methane adsorption on dry Tiffany mixed coal sample at 130°F by Langmuir and the developed isotherms are correlated with the experimental data as shown in Table 18 and Fig. 11 .
Comparison of high-pressure adsorption prediction for pure methane adsorption on dry tiffany mixed coal sample at 130°F
Langmuir and the developed isotherms predictions of pure methane adsorption on dry Tiffany mixed coal at 130°F for high-pressure range are compared in Table 19 and Fig. 12 . 
Fig. 12. Langmuir and the developed isotherms predictions of pure methane adsorption on dry tiffany mixed coal sample at 130°F for large pressure range
The developed isotherm predicts a maximum adsorbed volume of 324.7 scf/ton at an adsorption saturation pressure of 2294.9 psia. However, by Langmuir isotherm prediction, a maximum adsorbed volume of 434.78 scf/ton is attained at an infinite adsorption saturation pressure. Fig. 12 shows that adsorption prediction by Langmuir isotherm is not reliable at higher pressures because of its inefficiency in defining the onset of adsorption saturation pressure; this contributes to an overestimation of maximum adsorbed volume.
Competitive (Gas mixture) adsorptions methane and nitrogen (binary) adsorptions on tiffany mixed coal sample at 130°F
Following the steps of experimental adsorption data parameterization using the developed isotherm (highlighted above), pure nitrogen Table 7 ) is modelled as: 41 ) and validated by the laboratory measurement to generalise it.
Adsorption of 50% CH 4 -50% N 2 on tiffany mixed coal sample at 130°F
The laboratory measurement of the competitive adsorption of 50% methane and 50% nitrogen on Tiffany mixed coal sample at 130°F [34] are shown in Table 20 and Fig. 13 .
The single-component adsorptions of methane and nitrogen and the corresponding competitive adsorptions on Tiffany mixed coal sample at 130°F as predicted by the developed isotherm are shown in Table 21 . However, Fig. 14 shows the competitive adsorptions as predicted by the developed isotherm. 
Fig. 15. Plot of adsorption versus pressure for methane and nitrogen competitive adsorption on tiffany mixed coal sample at 130°F as predicted by Langmuir isotherm
Fig. 16. Correlation and validation of the competitive adsorption of 50% methane and 50% nitrogen on Tiffany mixed coal sample at 130°F
Also, the competitive adsorptions of methane and nitrogen on Tiffany mixed coal sample at 130°F as predicted by Langmuir isotherm are shown in Table 22 while the graphical representation is shown in Fig.15 .
The correlation of the competitive adsorption prediction of 50% methane and 50% nitrogen on Tiffany mixed coal sample at 130°F by the developed isotherm and Langmuir isotherm and validation by laboratory measurement are graphically shown in Fig. 16 .
The plot (Fig. 16) shows that the developed isotherm prediction of competitive adsorption is better for cases where the adsorbent affinity for the adsorbate is high as displayed in the 50% methane adsorption. However, Langmuir isotherm prediction of competitive adsorption is better for cases where the adsorbent affinity for the adsorbate is low as displayed in the 50% nitrogen adsorption.
CONCLUSION
In this work, a Type-I adsorption isotherm (which assumes a monolayer adsorption like Langmuir isotherm) is developed. The developed isotherm can be used to model all cases of monolayer adsorptions of gases (or fluids) on adsorbents. The developed isotherm discloses and amends the ambiguity surrounding the onset of adsorption saturation pressure in Langmuir isotherm.
The major contributions of the developed isotherm are: (i) offering an effective prediction of low-pressure gas adsorption before the onset of adsorption saturation pressure ( ) and showing that maximum adsorbed volume ( ) is maintained constant during pressure increase above the adsorption saturation pressure ( ), (ii) thus revealing and correcting Langmuir isotherm's over-estimation of adsorbed volume at higher pressures, and (iii) showing that Langmuir isotherm could not actually be referred to as a Type I isotherm but a "pseudo-Type I" isotherm.
For gas mixture, Langmuir isotherm prediction of competitive adsorption is found to be better for cases where the adsorbent affinity for the adsorbate is low. However, the developed isotherm prediction of competitive adsorption is observed to be better for cases where the adsorbent affinity for the adsorbate is high.
APPENDICES Appendix A
Derivation of Langmuir Isotherm: Kinetic Approach
Langmuir isotherm describes a progressively increasing surface adsorption as a function of pressure up until the entire surface area is covered with a single layer of molecules and no further adsorption can occur (see Fig. 1 ). Peer-review history: The peer review history for this paper can be accessed here:
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